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ABSTRACT
This thesis details approaches for the preparation of composite membranes derived from poly
(vinylidene fluoride), PVDF, or copolymers thereof. It was expected that these membranes
would withstand the harsh thermal oxidative conditions of a practical fuel cell and might exhibit
high proton mobility. Sulfonated carbon black was used as the proton conducting component in
the membrane. The advantages and the disadvantages of the materials used for fabrication of
proton exchange membranes were reviewed. This thesis provides procedures for the preparation
of composites of PVDF with sulfonated carbon black (CB) which might be employed as proton
exchange membranes. Thin films from all compositions were prepared by compression molding
or solution casting. All composites and films were thermally analyzed by differential scanning
calorimetry. These studies indicated different crystallization behavior with different loadings of
carbon black. Solution cast films containing PVDF, CB and Nafion 1000 were also prepared
and characterized by differential scanning calorimetry.
The electrical conductance of all solution cast films was evaluated at GM Fuel Cell Activities,
Honeoye Falls, NY. Methods developed for fabrication ofmembranes were shown to work well.
The membrane materials were however found to be electrically conductive. It is suggested that
electrically conductive PVDF composites with sulfonated carbon
black might have utility as
electrodes. The processes and procedures employed to make the PVDF/sulfonated carbon black
composites studied in this thesis might also be adapted to prepare PVDF composites with other
purely proton conductive particles.
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CHAPTER 1: Introduction
Polymer electrolyte fuel cell systems include several components such as end plates that
encapsulate the current collectors, bipolar plates, gas diffusion layers, catalysts and the proton
exchange membrane (PEM). The membrane electrode assembly (MEA) , including the PEM and
catalyst electrodes, is the essence of the fuel cell and is responsible for the proton transport from
the anode to the cathode, thereby directly creating electricity from chemical energy. PEMs must
have a combination of high proton conductivity and good mechanical, thermal, and chemical
stability. High proton conductivity in organic polymers is generally realized by incorporating
monomers bearing sulfonic acid functionality or by post-sulfonation of a preformed
polymer.1
The level of research and development of new proton conductors and the availability of new
PEM compositions has increased dramatically over the past decade
2-3'4'5,6-7
This activity has
been driven by the demand for fuel cell technology, particularly for vehicles and portable power
applications. These applications impose rather strict requirements on proton conductors, such as
stable performance in the temperature range between 80 and 200C with a conductivity not lower
than 0.1 S cm"2, chemical, mechanical, and thermal stability, and impermeability to gases,
methanol, and charge carriers other than protons.
Some of these demands are met by the best currently available fluorosulfonic acid polymer
electrolyte membranes such as Nafion9, Aciplex10, Flemion11, and
Dow12
membranes. These
materials are essentially strong polymer acids. When exposed to water, they hydrate and
dissociate into an immobile ionomer bearing (anionic) groups residing on side chains of the
11
polymer and free mobile protons in the aqueous solution. Thus, the free protons move through
the hydrogen bonded network ofwater molecules inside the
polymer.13
Perfluorinated polymer electrolytes such as Nafion have been demonstrated to be excellent
proton exchange membranes. However, the high cost of the material is a barrier to the large scale
use of fluorosulfonic acid polymers in PEMFC14'15'16'17. Low proton conductivity at high
temperatures above 100 C and low relative humidity is also a problem.
In 1997, it was reported that PVDF grafted with polystyrene and subsequently sulfonated was an
option for the fabrication of proton conducting membranes for polymer fuel cells. This thesis
provides three different procedures for the preparation of PVDF composites with sulfonated
carbon black which might be utilized as proton exchange membranes.
12





"As early as 1839, Sir William Grove (often referred to as the "Father of the Fuel Cell")
discovered that it may be possible to generate electricity by reversing the electrolysis of
water.20
It was not until 1 889 that two researchers, Charles Langer and Ludwig Mond, coined the term
"fuel
cell"
as they were trying to engineer the first practical fuel cell using air and coal
gas.21
While further attempts were made in the early 1900s to develop fuel cells that could convert coal
or carbon into electricity , the advent of the internal combustion engine temporarily quashed any
hopes of further development of the fledgling
technology."
02 H?
Figure 2.1 William R. Grove (1811-1896) demonstrated in 1839 that electricity can be generated from
hydrogen and oxygen in contact with platinum strips, which extend into dilute sulfuric acid functioning as a
diaphragm.21
13
"Francis Bacon developed what was perhaps the first successful fuel cell device in 1932, with a
hydrogen-oxygen cell using alkaline electrolytes and nickel electrodes inexpensive alternatives
to the catalysts used by Mond and
Langer".22
Bacon and company faced substantial number of
technical hurdles, until 1959, when they first demonstrated a practical five-kilowatt fuel cell
system. Incidentally, in that same year, Harry Karl Ihrig demonstrated a 20-horsepower fuel
cell powered tractor, which is currently
well-known.23
The late 1950's saw NASA starting to build a compact electricity generator for use on space
missions. Hundreds of research contracts involving fuel cell technology soon got funding from
the NASA, in an attempt to explore several promising approaches to the construction of a
practical power generation
system.24
The first major success of this big research attempt was to
be found in the Gemini series of earth-orbiting missions, in which ion-exchange membrane fuel
24
cells developed by the General Electric were used.
In more recent years federal agencies and several industrial manufacturers, including major auto
makers, have made ongoing investments in research for the development of fuel cell technology.
In the near future it is expected that traditional power sources can be replaced by fuel cell
devices ranging from micro fuel cells for cell phones to stationary power sources
and high-
powered fuel cells for vehicular transport.
2.1.2 Fuel Cell Technology Development
Over the last decade, the trend towards increased flexibility in electricity generation, and the
increase of the world's population have led to an increased interest in the development of more
powerful and widely distributed power generation capabilities. It is
expected that the
decentralized power plants will reduce both the capital cost for the installer as well as improve
14
the overall efficiency due to the possibility of the co-generation of electricity and heat. The
distribution of heat is easier and more efficient in smaller systems, where production of heat and
its usage are in closer proximity.
The development of fuel cell technology has been influenced by the increasing concern about the
environmental impact ofburning of fossil fuels to produce electricity and to propel vehicles.
Hydrogen fuel cells may help to reduce our dependence on fossil fuels and diminish C02
emissions into the atmosphere. Hydrogen fuel cells are more efficient than the internal
combustion engines. Using pure hydrogen, fuel cells only produce water, thus eliminating locally
all carbonaceous emissions emitted in the production of electricity from fossil fuels. The share of
renewable energy from wind, water and sun will increase further but these sources are not suited
to deliver the high power densities or to cover the bulk of the power electrical demand due to
their irregular availability. As population increases, non-renewable energy sources, such as
petroleum, will diminish and the harmful greenhouse gases that they emit may deplete the health
of humankind. Therefore, renewable energy sources based on hydrogen are of extreme
importance.
15
2.2 General principles and functionality of fuel cells
A fuel cell is a device that directly converts the chemical energy of reactants (a fuel and an
oxidant) into low voltage d.c electricity. Like the familiar flashlight (zinc-manganese dioxide)
primary cell and the lead-acid (lead-lead dioxide) rechargeable (secondary) battery, a fuel cell
effects this conversion via electrochemical reactions. If viewed merely as an energy conversion
device, a fuel cell performs the same function as a galvanic cell (primary battery) or a
discharging storage battery (secondary battery). However, the design and engineering of a fuel
cell are quite different from those of batteries. A primary galvanic cell, for example, must be
discarded when its fuel supply (e.g. the zinc casing) is exhausted, or when the products of
reaction (zinc oxychlorides or oxides) are produced in such a quantity that it cannot operate
further. Similarly, a secondary storage battery must be regenerated by periodic recharging by
voltage rehearsal, normally over several hours, so that the reaction products are reconverted into
reactants. In the case of a fuel cell, however, the reactants are stored outside the reaction areas
(the electrodes), which ideally are invariant in composition. The reactants are fed to the
electrodes only when power generation is required.
In spite of the complexities involved in the construction and operation of a practical fuel cell
system, the principle of operation of a fuel cell is readily grasped. As shown in the Figure
2.2,33
a
fuel cell consists of a oxidant electrode (anode) and an reducing electrode (cathode), separated
by an ion-conducting electrolyte. The electrodes are connected electrically through a load (such
as an electric motor) by a metallic external circuit. In the metallic part of the circuit, electric
current is transported by the flow of electrons, whereas in the electrolyte it is transported by the
flow of ions, such as the hydrogen ion (H+) in acid electrolytes, or the hydroxyl ion (OH) in
16
alkaline electrolytes. In high-temperature fuel cells, the corresponding ionic carriers may be the
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Figure 2.2 Membrane electrode assembly and electrochemistry for H2/air and methanol fuel
cells3
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Figure 2.2 displays a simplified schematic diagram of a hydrogen-oxygen fuel cell employing
an acid electrolyte. At the anode, incoming hydrogen gas is oxidized with an electrocatalytic
material that is usually based on the precious metal platinum. Thus, the oxidation ofH2 produces
protons and electrons. In view of the fact that the electrolyte is a non-electronic conductor, the
electrons flow away from the anode via the metallic external circuit. Whereas at the cathode,
oxygen gas is reduced and reacts with migrating hydrogen ions from the electrolyte and
incoming electrons from the external circuit to produce water. There might be a situation where,
depending on the operating temperature of the cell, the product water may enter the electrolyte,
thereby diluting it and increasing its volume, or be lost though the cathode as vapor. Depending
on the circumstances, careful water management of the electrolyte may or may not be necessary
to remove product water. In all fuel cells with liquid electrolytes operating below the boiling
point of water, an electrolyte circulation system incorporating an external evaporator may be
necessary. For acid fuel cells employing a solid polymer electrolyte operating in this temperature
range, the liquid water product may be rejected directly from the semi-solid gel electrolyte into
the cathode gas chamber.
The overall reaction that takes place in the fuel cell is the sum of the anode and cathode
reactions; in the present case, the combination of hydrogen with oxygen to produce water. This
overall reaction maybe viewed as the cold combustion of hydrogen with oxygen, in that it takes
place at a much lower temperature than the conventional combustion of the two gases. Instead of
the whole of the energy of the reaction being released as heat, as would be the case if hydrogen
burned with oxygen, part of the free energy of reaction is released directly as electrical energy.
The difference between this available free energy and the heat of reaction is produced as
heat at
the temperature of the fuel cell. The theoretical standard free energy of formation of liquid water
18
from gaseous hydrogen and oxygen at 1 atm pressure at 25C is 1.229
V.35
In theory the fuel cell
shown in Figure 2.2 should be therefore capable of generating d.c electrical energy at 1.3 V. In
practice, however, on account of electrode polarization and other irreversibilities, under net flow
of current the terminal voltage will be lower than this ideal value.
In any event, it can be seen that as long as hydrogen and oxygen are fed to the fuel cell, the flow
of electric current will be sustained by electronic flow in the external circuit and ionic flow in the
electrolyte. By electrically connecting a multiplicity of unit cells either in series or in parallel, it
is possible to form a fuel cell battery of any desired voltage and current output. By the use of an
efficient inverter it will also be possible to convert this d.c electricity to a.c
electricity.35
2.3 Types of Fuel Cells
Fuel cells are usually classified by the electrolyte employed in the cell. An exception to this
classification is the DMFC (Direct Methanol Fuel Cell) which is a fuel cell in which methanol is
directly fed to the anode. The electrolyte of this cell is not determining for the class. A second
grouping can be done by looking at the operating temperature for each of the fuel cells. There
are, thus, low-temperature and high temperature fuel cells. Low-temperature fuel cells are the
Alkaline Fuel Cell (AFC), the Polymer Electrolyte Fuel Cell (PEMFC), the Direct Methanol Fuel
Cell and the Phosphoric Acid Fuel Cell (PAFC). The high-temperature fuel cells operate at
temperatures in the range of 600-1000C and two different types have been developed, the
Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell (SOFC). All types are
presented in this section in order of increasing operating temperature. An overview of the fuel
. -r ui 1 36,37,38,39,40
cell types is given in Table 1
19
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Figure 2.3 Alkali Fuel Cell
(AFC)41
Operation of alkali fuel cells is based on compressed hydrogen and oxygen and uses a solution of
potassium hydroxide in water as the electrolyte. Inside alkali cells the operating temperatures are
around 150 to 200C. Because they produce potable water in addition to electricity,
fuel cells
20
were an optimal power source for spacecraft. NASA selected alkali fuel cells for the Space
Shuttle fleet, as well as the Apollo program of the 1960's, mainly because of power generating
efficiencies that approach 70 percent. While it is an advantage to use alkali fuel cells in
spacecraft, their use for vehicular transport on earth is limited by the presence of C02 in air. Air
drawn into the cathode would introduce C02 into the system thereby forming solid alkali
carbonates. Carbonates can be destructive to the electrolyte and thereby the cell performance
can rapidly
decrease.42
2.3.2 Proton Exchange Membranes Fuel Cells (PEMFC)
porous porous
Cathode Electrolyte Anode
Figure 2.4 Schematic drawing of hydrogen/oxygen fuel cell and its reactions based on the proton exchange
membrane fuel cell
(PEMFC)41
With the exception of the advanced aerospace alkaline fuel cell, having comparable performance,
the Proton Exchange Membrane Fuel
Cell43
offers an order ofmagnitude higher power density
than any other fuel cell system. For the preparation of anode and cathode,
thin sheet of porous
graphitized paper, which has been previously wet-proofed with Teflon, is applied with a small
amount of platinum black to its one surface. Currently, the platinum requirements are 0.60
21
oz/kW. Platinum requirements can be expected to practically to be reduced to 0.035 oz/kW or
about $2/kW with the improvements in proton exchange membrane performance.
Typically the proton exchange membrane operates at 70-85C. Its low operating temperature
provides instant start-up and requires no thermal shielding to protect personnel. At room
temperature, about 50% ofmaximum power is immediately available Under normal conditions
full operating power is available within about 3 minutes. The possibility of lower cost than any
other fuel cell system is offered by recent advances in performance and design.
Ballard has achieved a stack-only power density of over 5.4 kW/ft3 in their 5 kW production fuel
cell stacks. Targets to approach power densities 14.2 kW/ft.3 are certainly feasible. An
upcoming system operating on hydrogen and air at 45 psia, inclusive of fuel and oxidant
controls, cooling, and product water removal will provide 1.25 kW/ft3 and 40 W/lb. Performance
is improved by pressurizing the air which is true with all fuel cells. In every application, there is
bound to be a trade-off between the energy and financial cost associated with compressing air to
higher pressures and the enhanced performance thereby obtained. For a large number of
applications pressures above 45 psi are not likely to be beneficial.
22












Figure 2.5 Schematic drawing of the operating principles of fuel cell utilizing methanol as the fuel, i.e. a
direct methanol fuel cell
(DMFC)41
In direct methanol fuel cells, methanol, is the fuel, and complicated catalytic reforming is not
needed, as methanol is directly fed into the fuel cell. As methanol is a liquid, it does not need to
be stored at high pressures. Hence, storage of methanol is not difficult as compared to that of
hydrogen. However, due to high permeation of methanol through the most efficient PEMs,
efficiency is low. Though DMFC can have the limitation of producing less power, they can still
store a great deal of energy in a small space. This means they have the ability to produce small
amount of power over a longer duration. Hence, they are well suited to power applications in
consumer electronics such as cell phones and laptops.
23









Figure 2.6 Phosphoric Acid Fuel Cell
(PAFC)41
In terms of system development and commercialization activities, the Phosphoric Acid Fuel Cell
is the most established fuel cell technology. It has been under development for 20 years or more.
Liquid phosphoric acid is used as the electrolyte in the phosphoric acid fuel cell. A Teflon
bonded silicone carbide matrix contains the phosphoric acid. The acid is kept in place through
the capillary action provided by the small pore structure of the matrix. Addition of acid may be
required after many hours of operation as some acid may be entrained in the fuel or oxidant
streams. Both the oxidizing (anode) and reducing (cathode) sides of the electrolyte use platinum
catalyzed, porous carbon electrodes. Electrical efficiencies are seen in the range from 36% to
42%
[HHV2
(Higher Heating Value) Phosphoric acid fuel cell power plant designs show].
Pressurized reactants are used to operate the higher efficiency designs. More components are
required by the higher efficiency pressurized design and this invariably
means at higher cost.
Though the majority of the thermal energy is supplied
at ~150C, a portion of the thermal energy
can be supplied at temperatures of
~ 250C to ~ 300C. The phosphoric acid fuel cell has a
power density of 160 to 175 watts/ft2 of active cell area.
24
Phosphoric acid fuel cells have to deal with one issue, that is, if the source of its hydrogen fuel is
reformed gasoline, sulfur must be removed from the fuel entering the cell or it will damage the
electrode catalyst.




Figure 2.7 Molten Carbonate Fuel Cell
(MCFC)41
Electrolyte used in a Molten Carbonate Fuel Cell is a molten carbonate salt mixture, usually
lithium carbonate and potassium carbonate. A ceramic matrix has the electrolyte suspended in it.
Here, nickel-chromium alloy is used as an anode, and lithium-doped nickel oxide as a
cathode.42
Operating temperatures of the cell range from 600-800C.
Hydrogen can be extracted by from a variety of fuels, employing either an internal or an external
reformer. High-temperature fuel cells are also less prone to carbon monoxide
"poisoning"
than
lower temperature fuel cells making coal-based fuels more attractive for this type of fuel cell.
Catalysts made of nickel work fine with molten carbonate fuel cells and is much less expensive
than platinum. Up to 60 percent efficiency is exhibited by molten carbonate fuel cells, and this
can rise to 80 percent if the waste heat is utilized for cogeneration. Presently, demonstration units
have produced up to 2 megawatts (MW), but designs exist for units of 50 to 100 MW capacity.
Molten carbonate technology faces two major difficulties and is put at a disadvantage compared
25
to solid oxide cells. One is the complexity ofworking with a liquid electrolyte rather than a solid
and the other stems from the chemical reaction inside a molten carbonate cell. As carbonate ions
from the electrolyte get used up in the reactions at the anode, it becomes necessary to
compensate themby injecting carbon dioxide at t he
cathode.42
Also, the electrolyte used in molten carbonate fuel cells is highly corrosive, restraining some of it
potential applications.












Figure 2.8 Solid Oxide Fuel Cell
(SOFC)41
To reduce the corrosion considerations and to eliminate the electrolyte management problems
associated with the liquid electrolyte fuel cells, the Solid Oxide Fuel Cell uses a ceramic,
solid-
phase electrolyte. Solid ceramic is used as an electrolyte in the solid oxide fuel cell. Dense yttria-
stabilized zirconia is the preferred electrolyte material. The solid oxide fuel cell is a solid state
device and shares certain properties and fabrication techniques with semi-conductor devices. The
anode is a porous nickel/zirconia cermet while the cathode is magnesium-doped lanthanum
manganate. The solid oxide fuel cell has demonstrated 0.6V/cell at about 232 A/ft2 in
development cells and small stacks. Lifetimes in excess of 30,000 hours for single cells have
been demonstrated as have a number of heat/cool cycles. Fuel is delivered to electric efficiencies
in the range of 45%
(HHV- Higher Heating Value) by the presently available, unpressurized
26
solid oxide fuel cells. Argonne National Laboratories propose that pressurized systems could
yield fuel efficiencies of 60% (HHV). The solid oxide fuel cell offers the possibility of internal
reforming because of its high operating temperature. As in the molten carbonate fuel cell, CO
does not act as a poison and can be used directly as a fuel. Especially for sulfur, the solid oxide
fuel cell is also the most tolerant of any fuel cell type. Several orders of magnitude more sulfur
can be tolerated by it as compared to the other fuel cells. Significant start-up time is required
with a 1830F (1000C) operating temperature in the solid oxide fuel cell.
Depending on the size of the power plant it is estimated that the fuel to electricity efficiency of
solid oxide fuel cells range from 50-70%. In addition, these efficiencies hold from about 15%-
100% power, making the cells ideal for applications in which a wide range of loads is found.
They can readily operate on hydrocarbon fuels such as coal gas, gasoline, diesel fuel, jet fuel,
alcohol, and natural gas because most solid oxide fuel cells utilize both hydrogen and carbon
monoxide fuel inside the
cell.45
For two major reasons the efficiency of the solid oxide fuel cell used in combined heat and
power applications will be higher than the polymer electrolyte fuel cells. "The first reason is that
the hydrocarbon fuel is reformed into hydrogen and carbon monoxide fuel largely inside the cell.
This results in some of the high temperature waste heat being recycled back into the fuel. The
second reason is that air compression is not
required."
This results in a higher amount of net
electricity being produced and quieter operation especially on smaller systems. The solid oxide
fuel cell may not be practical for sizes much below 1,000 watts or
when portable applications are
involved because of the high temperatures that they must run.
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2.4 Protonically Conductive Ion Exchange Membranes
Membranes with high protonic conductivity are potentially useful as separators and
electrolytes
in electrochemical cells such as fuel cells. Among the first proton-conducting membranes used in
fuel cells were sulfonated, crosslinked
polystyrenes.47
Moreover perfluorosulfonic acid polymer
films have been extensively studied as proton-conducting
membranes48
for use in fuel cells.
Nafion
is, however, a very expensive material, and other materials are being sought.
2.4.1 Structure of the Polymer Electrolyte Membrane















Figure 2.9 Chemical structure of membrane material; Nafion by DuPont
The polymer electrolyte membrane is a solid, organic polymer, usually poly
[perfluorosulfonic
acid]. "A typical membrane material, such asNafion, consists of three regions:
(1) The Teflon-like, fluorocarbon backbone,
hundreds of repeating
- CF2- CF - CF2- units in
length,
(2) The side chains,
-O-CF2- CF - O- CF2- CF2-, which connect the molecular backbone to
the third region,




The negative ions, S03", are permanently attached to the side chain and cannot move. However,
when the membrane becomes hydrated by absorbing water, the hydrogen ions become mobile.
Ion movement occurs by protons, bonded to water molecules, hopping through S03 site within
the membrane. Because of this mechanism, the solid hydrated electrolyte is an excellent
conductor ofhydrogen
ions."
2.4.2 Polymer Electrolyte Membrane
In the presence of water, an ordinary electrolyte is a substance that dissociates into positively
charged ions, thereby making the water solution electrically conducting. The electrolyte which is
usually referred to as a membrane in a polymer electrolyte membrane fuel cell is a type of
plastic, or a polymer. The appearance of the electrolyte may vary depending upon the maker, but
the most established membrane, Nafion produced by DuPont, bears a resemblance to the
plastic wrap, varying in thickness from 50 to 175 microns. To put this in perspective, consider
that a piece of normal writing paper has a thickness of about 25 microns. Thus polymer
electrolyte membranes have thicknesses comparable to that of 2 to 7 pieces of paper. The
membrane in an operating fuel cell is well humidified so that the electrolyte looks like a moist
piece of thick plastic wrap.
The membrane readily absorbs water and the negative ions are covalently bonded to the polymer
within the structure, thereby making the polymer electrolyte membranes a somewhat unusual
electrolyte. Positive ions are free to carry positive charge through the membrane and are the only
mobile ions contained within the membrane. The term proton exchange membranes in polymer
electrolyte membrane fuel cells, hence originates from these positive ions which are hydrogen
ions, or protons. In the fuel cell operation, it is essential to have the movement of the hydrogen
ions through the membrane, in one direction only, that is from anode to
cathode. Unless there is
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this movement of ionic charge within the fuel cell, the circuit defined by cell, wires, and load
remains open, and no current would flow.
Polymer electrolyte membranes are relatively strong, stable substances because their structure is
based on a
Teflon
backbone. A polymer electrolyte membrane, although thin, is an effective
gas separator. It can keep the hydrogen fuel separate from the oxidant air, a feature very essential
to the operation of a fuel cell. Although, as ionic conductors, polymer electrolyte membranes do
not conduct electrons. Another feature essential to fuel cell operation is that the organic nature of
the polymer electrolyte membrane structure makes them electronic insulators. As the membrane
does not permit the passage of the electrons, the electrons produced at one side of the cell must
travel, through an external wire, to the other side of the cell to complete the circuit. The electrons
provide electrical power to run a car or a power plant as it is in their route through the circuitry
external to the fuel
cell.45
In proton conducting polymers, the phase segregation occurs during solvent
casting.50
The
formation of two phases: an ion-rich phase (i.e. ion clusters,) and an ion-poorphase is a result of
the aggregation of ions occurring due to the electrostatic interaction between ion pairs. Figure
2.10 shows the concept ofmicrophase separation in a PEM. The polymer separates into regions
of ion clusters and nonionic clusters. It is understood that protons migrate from one ionic cluster
to the other through water channels that connect ionic clusters. Gierke et
al.51
determined the
ionic nanostructure ofNafion by X-ray analysis and suggested ion clusters approximately 5 nm







Figure 2.10 Schematic ofmicrophase separation in a hydrated ionomer
There are two different transport mechanisms for protons in PEMs. The first is the Grotthuss
mechanism, where the proton hops from one ion rich site to
another.52
The second is
electroosmotic drag, where protons diffuse through the membrane, attached to water as
hydronium ions, H3O . Proton transport is also dependent on polymer morphology or ionic
nanostructure.54
A few examples of PEMs include Nafion, sulfonated polystyrene, sulfonated
poly [bis (3-methylphenoxy)] phosphazene and sulfonated poly (ether ketone).
We will be reporting the preparation and characterization of proton-conducting membranes with
poly (vinylidene fluoride), PVDF, films as matrices. The preparation involves homogeneous
mixing of PVDF and sulfonated carbon black to form composite materials to be fabricated into
films. The concentration of proton conducting species are varied by forming composites of
different loadings of sulfonated carbon black.
In the present investigation the melting behaviour and the crystallinity of the matrix material and
of the sulfonated membranes, respectively, have been studied with thermal analysis, in order to
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evaluate the effect of concentration of sulfonated carbon black on the crystallinity and on the
microstructure of the membrane. The matrix polymer is a non-porous film of PVDF however
composite membranes were expected to be proton conducting when hydrated.
2.5 Various Polyperfluorinated Copolymers
The current state-of-the-art proton exchange membrane is typified by Nafion, a DuPont




The poly (perfluorosulfonic acid) structure of Nafion imparts
exceptional oxidative and chemical stability, which is also important in fuel cell applications.
Nafion consists of a fluorocarbon polymer backbone, similar to Teflon, to which sulfonic acid
groups have been chemically bonded. The acid molecules are fixed to the polymer and cannot be
leached out, but the protons on these acid groups are free to migrate through the electrolyte.
Lifetime tests in the fuel cell environment of the Nafion copolymer has indicated a lifetime of
over 50,000 hours at 80 C at 100 %RH, which has led researchers and the world to have
increased confidence in the PEM fuel cell for alternative energy
sources.57
A large amount of
literature and research in the fuel cell research population has been devoted to Nafion,
including published papers, reviews and
books.58'59'60
Furthermore, composites ofNafion with
inert PTFE matrices like Gore membranes or inorganic additives like heteropolyacids have been
shown to improve the physical and electrochemical characteristics. Reinforcing the Nafion
membranes with Teflon or Gore-Tex fabric has produced thinner films that have increased







Figure 2.11 Chemical structure ofNafion. x andy represent molar compositions and do not imply a
sequence length.
In theory, ion content can be varied by changing the ratio of the two components (x and y in
Figure 2.1 1). Nafion has been commercially available in 900, 1 100, 1200, and other equivalent
weights. The equivalent weight is measured by defining the grams of polymer per mole of fixed
S03 groups. However,Nafion 1 100 EW in thicknesses of 2, 5, 7, and 10 mil (1 mil equals 25.4
|um) (Nafion 112, 115, 117, and 1110) seems to be the only grades ofNafion that are currently
widely available. This equivalent weight provides high protonic conductivity and moderate
swelling in water, which seems to suit most current applications and research efforts. Modest
retention of a semicrystalline morphology at this composition is no doubt important for
mechanical strength. The thinner membranes are generally applied to hydrogen air applications
to minimize ohmic losses, while thicker membranes are employed for direct methanol fuel cells







Figure 2.12 Proposed structure ofDow XUS perfluorinated copolymer
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Literature observed in the patent material for both Dow XUS (Figure 2.12) and Nafion
suggests that perfluorinated copolymers are synthesized in the sulfonyl fluoride form and then
converted into the acid form after processing into
membranes.62
The synthesis of the copolymer
can be generalized into four different steps.
1. Reaction of tetrafluoroethylene with S03 (fuming sulfuric acid) to form the cyclic
sulfone.
2. Condensation of the products with sodium carbonate followed by free radical
copolymerization with tetrafluoroethylene, which forms an insoluble semicrystalline but
melt extrudable resin.
3. Alkaline hydrolysis of the extruded film to produce a perfluorosulfonic copolymer
4. Counterion exchange of sodium to form the proton form of the salt copolymer.
Other perfluorosulfonate cation exchange membranes with similar structures have also been
developed by the Asahi Chemical Company (Aciplex) and the Asahi Glass Company
(Flemion).63
The Dow Chemical Company also developed a material with a shorter side chain
than those ofNafion and the other perfluorosulfonates, which is no longer available. The length
of the perfluorosulfonic acid side chain and the values for the equivalent weight may be varied to
some extent.
There are three specific drawbacks to Nafion. The first is the cost to the consumer, which is
about $700-$800 per square meter, the second is its performance at temperatures above 100 C
where it dehumidifies and the third is the methanol permeability. By increasing the fuel cell
temperatures, reaction kinetics and carbon monoxide poisoning can be improved. The
high cost
of the perfluorosulfonic acid copolymer is mainly due to the relatively expensive fluorination
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process. The specialty co-monomers that are needed in such a copolymer are, in general, the
main reason for the high
cost.58
All of these polyperfluorosulfonic acid membranes are expensive and suffer from the same
shortcomings as Nafion, namely low conductivity at low water content, relatively low
mechanical strength at higher temperature, and moderate glass transition temperatures.
2.6 Polyvinylidene Fluoride (PVDF) and its copolymers as proton exchange
materials
In the PEMFC, ion exchange membranes play a vital
role64'65
and the development of cheaper
and better proton conducting polymer electrolyte membranes than those available
today66'67
is
urgently needed, because the presently used perfluorosulfonic acid membranes are excessively
costly due to the fluorine chemistry involved. A good proton conducting membrane should
combine chemical, mechanical and thermal stability along with favorable electrochemical
properties such as high ionic conductivity and good oxygen reduction kinetics.
Several new types ofmembranes have been developed in recent years by polymerization of new
types of polymers or by doping of existing polymers by suitable acid constituents.
' ' ' ' '
In
1997, it was reported that PVDF grafted polystyrene and subsequently sulfonated might be an
alternative to perfluorosulfonic acid polymers for the fabrication of proton-conducting
membranes for polymer fuel cells.
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PVDF, is a non-reactive and semicrystalline thermoplastic fluoropolymer.
H
H
Figure 2.13 Structure of PVF2
It is very expensive relative to commodity polymers;however it is an order ofmagnitude lower
in cost than Nafion. The use of PVDF is generally reserved for applications requiring the
highest purity, strength, and resistance to solvents, acids, bases and heat. It is available as piping
products, sheet and plate. It can be injection molded and welded and is commonly used in the
chemical, semiconductor and medical industries. PVDF is a ferroelectric polymer, exhibiting
efficient piezoelectric and pyroelectric properties. These characteristics make it useful in sensor
and battery applications. Owing to its important pyro and piezoelectric properties, PVDF has
been widely studied since 1970. It is known to exist in four crystalline forms a (monoclinic), P




Table 2 Physical Properties of PVDF
Property Metric English











Yield Strength 15-35 MPa 2.2-5.0 kpsi
Elongation at Rupture 200%-750%
Modulus ofElasticity 350-1 100 MPa 50-160 kpsi
Volume Resistivity >lx!0l2CA-m
KYNAR
301 poly (vinylidene) fluoride is the homopolymer of 1, 1 -di-fluoro-ethene, and is a
tough, semicrystalline engineering thermoplastic that offers a unique balance of properties.
When exposed to harsh thermal, chemical, and ionizing environments, it has the distinguishing
stability of fluoropolymers, while the alternating CH2 and CF2
groups along the polymer chain
provide a unique polarity that influences its solubility and
electric properties. Standard methods
of extrusion and injection/compression molding readily melt-process
KYNAR resins.
KYNAR
PVDF can be dissolved in polar solvents such as organic esters and amines at elevated
temperatures. This selective solubility is a benefit in the
preparation of corrosion resistant
coatings for chemical process equipment and long-life architectural





Mechanical strength, toughness, high abrasion resistance, high thermal stability, high dielectric
strength, high purity, and melt processibility. It is resistant to most chemicals and solvents,
resistant to ultraviolet and nuclear radiation, resistant to weathering, and also resistant to fungi. It
has low permeability to most gases and liquids, low flame and smoke characteristics. Available
versions of
KYNAR
PVDF are rigid and flexible.
Chemical Process Industry Applications:
KYNAR PVDF components are broadly used in the high purity semiconductor market (low
extractible values), pulp and paper industry (chemically resistant to halogens and acids), nuclear
waste processing (radiation and hot acid applications), and the general chemical processing
industry (chemical and temperature applications). In addition,
KYNAR
fluoropolymers have
also met specifications for the food and pharmaceutical processing industries.
KYNAR
PVDF
is fabricated into broad range of components including: Pipes, fitting and valves pump
assemblies, sheet and stock shapes, films tubing architectural.
Lithium Ion Batteries:
In the battery industry,
KYNAR
PVDF homopolymers and copolymers have gained success as
binders for cathodes and anodes in lithium-ion technology, and as battery separators in lithium-
ion polymer technology.
"Arkema is the world's leading producer ofPVDF". Their particular brand ofhigh purity, battery
grade PVDF resins are
KYNAR
and Kynar FlexA. Arkema has been working closely with
battery scientists involved to help develop the technology
related to coatings and films to help
38
design thinner, smaller lithium-ion batteries and has been with lithium technology from the
beginning.
2.7 Sulfonation of Polymers
For many years sulfonated polymers have been investigated intensively because of their current
and potential applications in many
areas.73
One of the most important applications is their use as
an ion selective separator in electrolysis or electrodialysis
systems.68
Many studies were also
concerned with water-selective pervaporation membranes containing sulfonated polymers for
separation of aqueous organic
mixtures.74
The reverse osmosis as well as gas permeation
properties of sulfonated polymers such as sulfonated poly (phenylene
oxide)75'76'77
or sulfonated
polysulfone were also studied. Some work was concerned with the preparation of rigid-rod
molecular composites via ionic interactions between a polyelectrolyte host and a reinforcing
rigid-rod polymer.
'
The compatibilizing effect of such polymers was also mentioned to lead
to a real miscibility improved of insoluble polymers.
81'82
These sulfonated polymers have been
also used as dopant for water-soluble
polyaniline.83
One more recent and promising application
is the ion-conductive membranes for batteries or fuel cells.
' '
For instance,
perfluorosulfonated ionomer (Nafion) membranes have been used for this purpose due to their
efficient proton conduction
(10"'
S cm"1) in the fully hydrated protonic form) and long life
time.88
However, the high cost of this ionomer is a major drawback for the development of this
technology. The most common way to modify aromatic polymers
for application as a PEM is to
employ electrophilic aromatic
sulfonation. Aromatic polymers are easily sulfonated using
concentrated sulfuric acid, fuming sulfuric acid, chlorosulfonic acid, or sulfur trioxide or
complexes thereof. Post modification reactions are usually restricted due to their lack of precise
control over the degree and location of functionalization, the possibility of side reactions, or
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degradation of the polymer backbone. Regardless, this area ofPEM synthesis has received much





Sulfonated polymers are usually prepared either by sulfonation of a polymer in solution or by
post-modification of a polymer film. Sulfonated poly (arylene ether sulfone)s, synthesized by
attaching sulfonic acid groups in polymer modification reactions have been investigated
intensively since the pioneering work ofNoshay and Robeson, who developed a mild sulfonation
procedure for the commercially available bisphenol A-based poly(ether
sulfone).91
Different
sulfonating agents have been employed for this polymer modification, such as chlorosulfonic
acid
'
and a sulfur trioxide-triethyl phosphate complex.
Sulfonation is an electrophilic substitution reaction; therefore, its application depends on the
substituents present on the aromatic ring. Electron-donating substituents will favor reaction,
whereas electron-withdrawing substituents will not. Additionally, the sulfonic acid group is
usually restricted to the activated position on the aromatic ring. For the case of the bisphenol
A-
based systems, no more than one sulfonic acid group per repeat unit could be
achieved.93
For achieving a number of objects sulfonation
of carbon black can also be desirable. Ion
exchange materials can be prepared from sulfonated carbon black wherein advantage is obtained
by the inert chemical and thermal properties of the carbon black being
combined with the high
chemical reactivity and versatility of
sulfonic acid groups on the surface there over. Moreover,
such sulfonated carbon blacks are especially useful, because of
the hydrophilic character
imparted by sulfonic acid groups to carbon blacks used as
fillers and pigments in paper and other
cellulosic products. These sulfonated carbon blacks are also especially
useful as fillers in resins
94
having a basic nature.
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2.8 Other Commercially Available Proton Exchange Membranes
Nearly all of the commercially available membranes are based on perfluorosulfonic acid
polymer, such as Nafion. Nafion also has the largest body of literature devoted to its study
because of its demonstrated industrial importance and availability. Nafion composite systems
also have already become significant in both industrial and academic research. Commercial
alternatives to the state-of-the-artNafion membranes are few, but some do exist.
Ballard Advanced Materials, Dias Analytical and W. L. Gore & Associates have all produced
commercial PEMs. W. L. Gore and Associates produce both membranes and MEAs for
commercial
resale.95
The GORE-SELECT membranes are reportedly based on Nafion
membranes but the membranes are supported with porous GORE-TEX material making them
thinner and mechanically
stronger.96
Since GORE-TEX and Nafion are both fluorinated
polymers, the compatibility of the two materials is probably relatively
good.97
However,
Nafion swells in aqueous environments and GORE-TEX does not. This could cause
delamination of the Nafion from the GORE-TEX and increase the resistance of the ions of
the composite material. Because the Nafion material is used in only minimal quantities, the
cost and thickness of the membranes decreases. However, thinner membranes have higher
permeability and increased fuel crossover. Therefore, as the membranes reach thicknesses as thin
as 20 micrometers, fuel crossover results in low open circuit voltage and low fuel efficiency.
Furthermore, GORE-SELECT membranes and PREVIEA MEAs use Nafion as the poly
electrolyte membrane, which is only morphologically stable at
temperatures less than 100 C. At
low relative humidity, and temperatures in excess of 100C these membranes are plagued by the
same deficiencies that limited the pureNafion membranes.
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Dias Analytic has produced sulfonated membranes from the well known Kraton-G styrene-b-
ethylene/butylene-b-styrene
copolymers.98
These hydrocarbon backbone polymers are of interest
for low cost, low temperature and low current density arrangements. Dais membranes have
proven to have similar conductivities at a given water-sulfonate ratio, but higher water uptake
than that of Nafion for a given ion exchange capacity. The targeted area of use for these
membranes is for low cost applications that are used at room temperature environments for short
periods of time since oxidative stability is
limited.99
Nowadays, a mass market for PEM fuel cells is emerging, sparking interest in lower-cost
membranes. In the past year, early commercial versions of PEM cells have begun to show up in
portable and emergency power units. For example, to replace small internal-combustion engines
in hand-held appliances, Ballard Power Systems in Burnaby, B.C., is field-testing a 250-kw
stationary system for factories and a 1.2-kw
system.100
A number of new partnerships reflect the intensified effort to develop new membranes:
To commercialize a lower-cost membrane based on Dow's Index ethylene-styrene
interpolymer (ESI) Dais-Analytic, Odessa, Fla., is teaming with Dow Plastics, Midland,
Mich.,.
A polybenzimidazole (PBI)-based membrane for fuel cells that operates at relatively high
(150 C) temperatures is being developed by Celanese Ventures GmbH, Frankfurt,
Germany.
To generate two new membrane alternatives cell maker Ballard is working with the
British parent of Victrex USA, Greenville, S.C. One of them is based on sulfonated
polyaryletherketone (a variant ofPEEK) resin supplied by
Victrex."
2.9 Alternative Materials to Nafion
The presently available
state-of-the-art membrane materials for PEM fuel cells are perfluorinated
sulfonic acid (PFSA) functionalized polymers such as DuPont's
Nafion and W. L. Gore's
Gore-Select. The current understanding of the properties
and function of these and other PEMs
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gleaned from experimental studies has recently been reviewed by several
anthnrc 101,102,103,104,105,106,107 T,_ , .aurnors. ihese electrolytes are two-phase systems, containing water
dispersed as a second phase in a principally amorphous polymeric (e.g. fluorocarbon, aromatic)
primary phase.
A '"
The water solvates the polymeric acidic groups and promotes proton




of the protons through
the hydrogen-bonded network of water molecules) and vehicular motion (i.e. coupled proton-
water transport of hydronium
ions).112
In both transport mechanisms, the presence of water is
critical in the formation of hydrated protons (i.e. as Zundel, H 502 +, or Eigen, H 904+, cations)
and mobility of the protons. The hydration requirement of conventional PEMs results in a
problematic operating temperature limited to the boiling point ofwater (i.e. T= 100C at 1 atm).
Several different approaches have been used in attempts to improve proton conduction in
PEMs.96'113




and imidazole117'118) to replace the function of
water in the membrane, the addition of inorganic
particles97
(e.g. silica, heteropolyacids) into
polymeric conductors that purportedly allow proton conduction along the inorganic surface or
maintain the water content of the membrane by adding an additional hydrophilic component,
and, as alluded to above, the preparation of various alternative proton-conducting polymers.
Along with the synthesis and testing of entirely novel PEMs has come modification of specific
molecular features ofpresently available PFSAs, including the use of alternate protogenic groups
(e.g. phosphonic acid) and distinct backbone and/or side chain
chemistry. With respect to the
latter, Yang and
Rajendran119
at DuPont reported the synthesis and fuel cell testing of a PEM
similar to Nafion but with a partially fluorinated backbone and
a di (tetrafluoroethylene) ether
sulfonic acid side chain (i.e. CF2CF2OCF2CF2SO3H) that, at certain equivalent weights (EWs),
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gave higher proton conductivity than Nafion. The Fuel Cell Components group at 3M also
recently reported the synthesis and characterization of a PFSA membrane possessing superior
conductivity with the same PTFE backbone as Nafion but with the shorter
OCF2CF2CF2CF2SO3H side
chain.120
An explanation, beyond simply EW differences, as to why
a decrease in the length of the side chain improves the proton conductivity, remains unclear.
Differences in the proton conductivity in membranes with similar PTFE backbone but distinct
side chain length were observed much earlier by the characterization and testing of the short-
side-chain (SSC) PFSA (i.e. a PTFE backbone with OCF2CF2S03H side
chains)121122123'124
first
synthesized by Dow Chemical nearly two decades
ago.125
Although this PEM has a similar
morphology to Nafion as determined by SAXS and SANS
experiments,115"117
significantly
higher proton conductivity than Nafion at low to intermediate water
contents,126'127'128
and a
current density as much as three times greater than Nafion at 0.5 V in an operating fuel
cell,129
it did not see widespread application in fuel cells or even further characterization due to the
substantially more difficult synthesis route as developed by
Dow.11
Recently, however, Solexis
has developed a much simpler (almost a single step for both the fluorination and fluoroolefin
addition) route for the synthesis of the same PEM and have reported similar superior
1 ^0
performance when compared toNafion.
2.10 Organic/Inorganic Composite Membranes
Due to organic/inorganic nanocomposites potential applicability to many industrial materials
such as automobile, airplane, bridges, artificial tissues, contact lenses, bones, integrated circuits
(IC) insulators and others they are a remarkable family of isotropic, flexible,
amorphous hybrid
materials, which have been studied extensively. By adjusting compositions,
nanophase size and
the chemical bond between organic and inorganic phases the thermal, electrical, optical,
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mechanical and biological properties are known to be widely controlled. On the other hand,.
because of the technological potential for application in fuel cells, hydrogen separation, water
electrolysis and other electrochemical devices the protonic conductor has been studied for a large
number of inorganic and polymer materials. However, due to the limitation of numerous
materials requirements their use in devices is limited. One of the major issues in low temperature
protonic conductor is the narrow temperature window for using this protonic conducting
membrane, particularlyfor polymer electrolytes in temperature range of
100-200
C. In addition
to the membrane stability, associated industrial production issues with low cost, easy processing
and environmental safety become increasing important. For electrochemical devices such as fuel
cells and batteries, recently, a new synthetic route have been developed for organic/inorganic
hybrid materials as realistic ionic conducting membranes. The structure of the hybrid in these
materials has been designed at the molecular scale to possess fast proton as well as lithium ion
conduction mostly through modified organic ligand to inorganic surfaces. Through sol-gel
processes a new class of organic/inorganic nanocomposites membranes consisting of
Si02/polymer (polyethylene oxides (PEO); polypropylene oxide (PPO); polytetramethylene
oxide (PTMO)) hybrids has been synthesized. At high temperatures up to
160
C the membrane
doped with acidic moieties such as monododecylphosphate (MDP) or 12-phosphotungstic acid
(PWA) shows good protonic conductivities and was found to be a flexible as well as thermally
stable due to the cross-linking with temperature tolerant silica
frameworks in the hybrids. The
effect of molecular structure of PEO, PPO and PTMO as well as molecular weight has been
studied on the thermal stability and protonic conducting




In this research project, composite membranes were prepared with PVDF (Kynar201 and 301)
and copolymers of different copolymers of vinylidene fluoride with hexafluoropropylene
(Kynar 2801) and tetrafluoroethylene (Kynar 7201). Kynar is a registered trademark of
Atochem North America, Inc. for its vinylidene fluoride-base resins. Sulfonated carbon black
Cab-O-Jet 200 was obtained as 20% solids aqueous dispersions from Cabot Corporation.
Nafion 1000 was supplied as a gift by General Motors Global Alternative Propulsion Center,
Honeoye Falls, NY.
3.2 Composites Preparation
3.2. 1 Process # 1: Preparation ofPVDF andPVDF copolymer compos itesfrom FeCl 3 gel
Synthesis ofCB-SO 3Na+/FeCl3/CH3OH/H20 (8.3/21/34/36)w dispersion:
Materials Grams
I. Concentrated Cab-O-Jet200 80
[CB-SO"
3Na+, 20% by wt. in H20]
II. FeCl3.6H20 100
III. Methanol 100
Cab-O-Jet200 was concentrated from 20 to -30% solids by removal ofwater in vacuo in rotary
evaporator. 80g of the Cab-O-Jet200 concentrate, I,
was mixed in a Waring blender with lOOg
of FeCl36H20, II, dissolved in 100 g ofmethanol, III to
yield a homogenous black paste. This




Synthesis of PVDF and PVDF copolymer/CB-S03H:
Materials Grams
I. PVDF or PVDF copolymer 5
II. 48% FeCl3/CH3OH/H20 100
III. CB-SO"3Na+/FeCl3/CH3OH/H20 11.6
(8.3/2 1/34/36)*
An excess of 48% FeCi36H20 in methanol (II) was vigorously mixed (with a spatula) with 5 g
of PVDF or PVDF copolymer,(I), (Kynar720 1,20 1,301, and 2801, respectively) to yield a
paste-like mixture. 11.6 g of the stock dispersion (HI) was added to the paste and the
composition was allowed to stand overnight. The resultant gelatinous mixture was centrifuged,
15 minutes at 5000 rpm, and excess methanolic FeCLj was decanted. The residual gelatinous
solid in the centrifuge tube was spread onto a glass tray and dried overnight at ambient
temperature. The powder, thus obtained, was collected, placed in a centrifuged tube and
extracted with 10% methanolic hydrochloric acid until the supernatant was water white , i.e, free
of
Fe+3
ions. The residue was then extracted with methanol until the pH of the supernatant was
6-
7. After removal of residue soluble acid, PVDF/CB-SO3H wet cakes were air dried at ambient
temperature in glass trays to yield composite powders from which films were subsequently
fabricated. An alternative to centrifugation as a process for extraction of impurities is dialysis in
a Soxhlet extractor. Thus, a semi-permeable membrane (benzoylated dialysis tubing, Sigma
Aldrich D7884-10FT,
width= 32mm) was sequentially washed by immersion in into water and
methanol. The membrane, wet with methanol, was filled with
PVDF/CB-SO3H from the plastic
centrifuged tube, which had been extracted with 10% methanolic HC1, tied and placed in a
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Soxhlet extractor and exhaustively dialyzed. After dialysis, the PVDF/CB-SO3H wet cake was
air dried overnight at ambient temperature in a glass tray. The dried composite powder particles
were fine enough to be pressed into a pellet and thereby melt pressed to form thin films for their
potential use as proton exchange membranes in fuel cells.
3.2.2 Process # 2: Preparation ofPVDF/HFP (Kynar2801) Composites from FeCl3 gel
Synthesis of PVF2/CB-SO3H:
Ten grams (10 g) of colloidal PVDF/HFP powder (KYNAR 2801) a uniform white powder
containing particles of about 0.3 micrometers in diameter was mixed with 2 g of a 20% aqueous
dispersion of sulfonated carbon black (CB-SO3H). This type of mixing resulted in a paste of
PVDF-HFP/CB-SO"3Na+. This mixture was centrifuged for about 15 minutes at 5000 rpm. The
resultant wet cake was dried at ambient temperature to yield
PVDF-HFP/CB-SO_3Na+
dry
powder. This dry powder was then dispersed in excess of 48% FeCl3/CH3OH. Upon centrifuging
this dispersion for about 1 5 minutes at 5000 rpm, the excess of methanolic FeCl3 was decanted.
Next, the gelatinous mixture of
PVDF-HFP/FeCl3/(CB-SO"3)3Fe3+
was allowed to stand for about
24 hours to yield a dry powder of PVDF-HFP /FeCl3/(CB-SO"3)3Fe3+. As performed in the
process # 1, the powder thus obtained, was collected, placed in a centrifuged tube and extracted
with 10% methanolic hydrochloric acid until the supernatant was water white , that is free of
Fe+3 ions. The wet cake PVDF-HFP /CB-SO3H/HCI was
washed and extracted with methanol
until the pH of the supernatant was 6-7. After the removal of residual
acid the PVDF-HFP /CB-
SO3H wet cake was air dried overnight in glass trays to yield a
composite powder of PVDF-HFP
/CB-SO3H. This composite powder was ready to be fabricated into
pellets and thereby melt
pressed to form films.
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3.2.3 Process # 3: Preparation ofPVDF/HFP copolymer compos itesfrom DMF solution














lg of PVDF-HFP powder (KYNAR 2801) was mixed with 6 g of 20% aqueous dispersion of
sulfonated carbon black (CB-S03"Na+) to yield a homogeneous paste. 10ml of methanol was
added and this mixture was centrifuged for about 5000 rpm for 15 minutes to remove excess
methanol and form a wet cake of PVDF-HFP/CB-S03Na+/CH3OH. This wet cake which
weighed about 5.58 g was dissolved in 20 ml ofN,N dimethylformamide (DMF) to give 23.75g
of a sticky black solution that was transferred into a 100 ml round bottom flask and concentrated
slightly in vacuo in a rotary evaporator to yield a solution weighing 22.5g. For a better dispersion
ofparticles in the solution, this solution was milled in aWig-L-Bug. The well-dispersed solution,
thus obtained, was used to fabricate films from solution as described in Section 3.3.2. This
procedure was repeated with different loadings of sulfonated carbon black dispersion to yield
composites II, III and IV.
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Similar to the above procedure of Process # 3.2.3.1; 0.25 g of PVDF-HFP was mixed with 1 g
of 20% aqueous dispersion of sulfonated carbon black (CB- SO3 ^Na+). 10 ml ofmethanol was
added and the mixture and was centrifuged at 5000 rpm for 15 minutes to remove excess
methanol and form a wet cake of PVDF-HFP/CB-S03H/CH3-OH. This wet cake then was
dissolved in 14 ml ofDMF. To enhance the quality of dispersion, the solution was warmed in a
sonicator at
70
C for 60 minutes. This solution was then milled in a Wig-L-Bug to yield a fine
dispersion that was used for the casting of films.
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3.3 Composites Membrane Fabrication
Membranes, in the form of thin films were fabricated by two methods i.e. firstly by melt pressing
the pellets into films by the Carver Press and secondly by solution casting method.
3.3.1 Carver Press
In order to prepare films, approximately 0.3g pellets were cold-pressed from each of the
composite powders in a stainless steel pellet die as shown in the figure 3.1.
131
Figure 3.1 Pellet die
Figure 3.2 Carver Press
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Pellets made from the composite powders ofProcess # 1 and Process #2 were placed between the
polished aluminum plates and films were compression molded in the Carver Press, shown in
Figure 3.2. Kynar 7201 and Kynar 2801 films were molded at ~ 300F, just below the
melting point of the crystalline domains in the composite. Films of the higher melting of
Kynar 301 and Kynar 201 were molded at 350F. Some films formed at a particular
temperature from this press were folded (one fold or two folds) and pressed again at a higher
temperature for better uniformity of the films. These films were submitted for evaluation of
proton conductivity at General Motors Corporation, Honeoye Falls, NY.
3.3.2 Solution CastingMethod
Membranes synthesized for the study were also prepared by a solution casting technique.





were solution dispersions. They were cast into films by two
methods, 'puddle
casting'
and by 'draw down technique'.
3.3.2.1 Puddle Casting
Figure 3.3 Puddle casting on a cello tape
To generate a frame for puddle casting and the formation of a film in a particular shape, a
25x75x1 mm microscope glass slide was taped on its surface in a way that created a rectangular
slot in the center of the slide. The reservoir provided by the taped-bounded area allowed one to




C. 2-3 drops of the
PVDF-HFP/CB-S03"Na+
in DMF solution was deposited into
the rectangular opening on the slide. The slide was covered with a small glass beaker to slow the
rate of evaporation of the solvent. Puddle casting was carried out under the hood. The
temperature of the hot plate was increased up to
100
C and upon reaching
100
C was switched
off and the slide was kept covered under the hood for drying. After -8-10 hours of drying under
the hood, the thin polymer film was removed from the glass slide with the help of a razor blade.
3.3.2.2 Draw-Down Technique




were milled in a Wig-L-Bug to achieve well dispersed
solutions. Films were drawn on glass substrates. The glass slides were sequentially cleaned with
the soap and water, distilled water, and organic solvents such as acetone and toluene. The slide
was heated on a hot plate at
75
C for about 15 minutes. Next, this glass slide was placed on a
vacuum draw-down table covered with 8 Vi x
11"
sheet of 20 lb copy paper. A Gardner draw
down knife was spaced with calibrated shims to a constant 4 mils (1 mil= 1/1000 inch). 2-3
drops of the milled solution composite was deposited on the warmed glass slide and the liquid
composition was drawn to the end of the glass slide. This glass slide, bearing the cast film, was
covered with a glass beaker to slow the rate of evaporation of the solvent from the film and was





C was switched off. The slide was then allowed to cool on the hot plate for
5-10 minutes. For complete drying of the film, covered with the glass beaker, it was air dried for
approximately 24 hours. The films were
then removed with a sharp razor blade. Films which
could not be easily removed by a razor blade were immersed into
a glass tray filled with distilled
water. Under the water, by releasing the edge of the film with a razor blade, the films floated off
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and were lifted onto perforated aluminum sheets. The films on the perforated aluminum foils
were air-dried for -24 hours. A series of thin composite films varying in thickness from 96 um to
120 nm were prepared by Process # 3.
3.4 Characterization
3.4.1 Differential Scanning Calorimetry (DSC)
DSC can elucidate thermal properties and phase transitions ofmaterials. This research study used
a TA instruments DSC 2010 with a low temperature measuring head and liquid nitrogen cooled
heating element. Properties that could be measured by this instrument were crystallization
temperature, melting temperature, enthalpy of melting, % crystallinity and glass transition
temperatures. This DSC 2010 actually operates on the differential thermal analysis (DTA)
principle, where the single heating element is used (heat flux DSC). A calibration constant within
the computer software (determined using standard materials such as indium in this case) converts
the amplified differential thermocouple voltage to energy per unit time, which in turn is plotted
on the y-axis of the instrument output. DSC studies were carried out on each of the powders of
Kynar 201, Kynar 301, Kynar 2801 and Kynar 7201 as well as the melt pressed and
solution cast films from them. Samples sizes were maintained between 5-10 mg and were sealed
in aluminum pans. An empty aluminum pan was used as a reference. Samples were heated at a
rate of 10C/min and with the cooling rate of 5 C/min, in the range of C to 200 C. All the
samples were run in a heat-cool-heat cycle.
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3.4.2 Electrical ResistivityMeasurements
Conductivity of carbon impregnated films was measured with a Fluke 83III multimeter set in the
resistance mode. The Figure 3.4 of the multimeter used is as shown below.
Figure 3.4 Multimeter
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CHAPTER 4: Results and Discussions
4.1 Proton Exchange Membranes
A key element of a PEMFC is the separator polymer membrane which must operate as an
efficient polymer electrolyte, i.e., conduct by protons while preventing electronic transport and
permeation of fuel. Most commonly, perfluorosulfonic acid polymer membranes, typified by
Nafion, are used in practical fuel cells. Although perfluorosulfonic acid polymers have many
favorable properties e.g., good ionic conductivity and chemical stability, these membranes are
very expensive and in regards to their use in direct methanol fuel cells have high methanol
permeability. In addition, to maintain sufficient proton conductivity the perfluorosulfonic acid
polymer membranes must be substantially
hydrated.133
Although water is a product of the
electrochemical process, it is not easy to keep the membrane adequately hydrated as the
temperature of the fuel cell stack is increased. Thus, water management is a critical issue for
PEMFC in vehicular applications.
All these problems have prompted a large research enterprise in the area with the primary goal
being the development of alternatives to perfluorosulfonic acid polymer membranes. In this
respect, membranes where in which high protonic conductivity is not as substantially dependant
on the water content are of particular interest. Membranes suitable for use in DMFC are also
being sought.
Peled134
and co-workers had earlier demonstrated that PVDF-based membranes could indeed
acquire good protonic conductivity when doped with
various aqueous acid solutions.In this work
composite membranes comprised of composites of
sulfonated carbon black in a poly(vinylidene)
fluoride (PVDF)- based matrix were explored.
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In this thesis, we report on the fabrication and the characterization of membranes comprised of
composites of sulfonated carbon black in a poly (vinylidene fluoride) (PVDF)
- based matrix.
PVDF (Kynar 201 and Kynar 301) and PVDF copolymers (Kynar 2801 and Kynar 7201)
were used. Composites were prepared from all four Kynar powders by Process #1 (See Section
3.2.1). Process # 2 & 3 (See Sections 3.2.2 and 3.2.3 respectively) were only employed in the
preparation of theKynar 2801 composites.
Kynar 2801, is a copolymer of poly (vinylidene) fluoride and hexafluoropropylene (PVDF-
HFP) with a molecular weight 477,000 g/mol, and is well-known for having good mechanical
stability and easy film formation. Porous films ofKynar 2801 have been used as a supporting
matrix for liquid electrolytes in chloroalkali processing. Kynar 2801 composites were thus
expected to have a high anodic stability. PVDF-HFP copolymers have been reported to be viable
alternatives to the solid polymer electrolyte in rechargeable lithium ion batteries and photovoltaic
devices.135
4.2 Preparation of PVDF Composites
We have prepared PVDF/ sulfonated carbon black composites by 3 procedures, one in which the
amorphous domains in PVDF powders were swollen with 48 % methanolic ferric chloride and
blended with a sulfonated carbon black that was reduced in water content, diluted with 48 %
methanolic FeCl3 and blended with the gelatinous PVDF/48 % methanolic FeCl3 (Process # 1)
and a second in which the as received aqueous dispersion of sulfonated carbon black was mixed
with PVDF. This mixture was dried to yield a powder and the composite powder was swollen
with and excess of 48 % methanolic FeCl3 (Process # 2). Hence, Process # 1 & 2 composites
were fabricated from gel processing.
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Schematics of the Process#l and Process#2 are as follows:
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PVDF is a semicrystalline polymer; the exposure of PVDF powders to concentrated solutions of
methanolic FeCl3 yields gels in which the crystallites remain intact and the amorphous regions
imbibe methanolic FeCl3. Sulfonated carbon black (proton conducting material) is incorporated
in the gelatinous amorphous phase without disturbing the crystallites present in the gel. Upon
drying these gels, the dried particles containing the FeCl3 and sulfonated carbon black material
which are equivalent in size to the particle of the original pure PVDF powder are obtained. This
phenomenon was earlier studied by Smith et
al.140
The following table (Table 3) supporting the
above phenomena provides the data on the native crystallite size in
Kynar
301, 7201, 2801 as
compared with their crystallite size in methanolic FeCl3
gels.136
Table 3 XRD Crystallite Size
Fluoropolymer Native Crystallite Size Crystallite Size in
FeClj/Gel
KYNAR
301, PVDF 44A 45 A
KYNAR*
7201, (VF2-VF4) 72 A 72 A
KYNAR
2801, (VF2-PrF6) 42 A 41 A
Figure 4. 1 shows the relationship between the amounts of methanolic FeCkj taken up in the
Kynar 301 as a function of the concentration of the FeCl3 solution.
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Figure 4.1 Gelation ofKYNAR 301 in Methanolic FeCl3 .H2 O
Process #1 was a tedious and complicated procedure for gel processing of composites. Hence,
Process #2, a simplified procedure and a slightly modified method of the Process #1 was
developed. Process #2 was easy to conduct and also yielded better dispersions. Amongst all four
grades ofKynar PVDF, Kynar 2801 swelled more in FeCUj and gave superior dispersions.
Considering the properties ofKynar 2801 (See Section 4.1) and also considering its ability to
easily dissolve in solvents as well as swelling in FeCl3 make it an advantageous material from
processing point of view. Hence, only Kynar 2801 was employed in the fabrication of
composites by Processes #2 and #3.
Composite membranes prepared by melt pressing pellets of materials prepared from Process #1
and #2 in a Carver Press were insulating and were found to be too thick for evaluation as proton
exchange membranes in fuel cell test fixtures at GM Fuel Cell Activities. Figure 4.2 below
shows the picture of the pressed pellet and the melt pressed film.
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Figure 4.2 Pressed pellet and compression molded film





by Process #3. The logic here was that the compositions could be easily varied and that
continuous thin films could be fabricated.




respectively by Process #3. (See Sections 3.2.3.1 &
3.2.3.2 for explanation ofdetailed steps in Scheme III and IV)
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Scheme III : The Preparation Method











































Scheme IV : The Preparation Method

















































coating were employed to fabricate films from
solution. Puddle cast films were thin but were not uniform in thickness. Films fabricated by the
draw-down technique were more uniform and were of good quality and the film thickness could
be varied by setting the gap on the Gardner knife. Films of optimal quality were obtained with a
gap of 4mils (0.10 mm or 96 u). Removal of the films from the glass plate, specifically lifting the
film from the water was somewhat tedious. Films released from the glass plate tended to roll up
when removed from the water. The draw-down technique, however, served our purpose of
preparing films of the required thickness. As the proportion of sulfonated carbon black
incorporated in PVDF film was increased the visual quality of the film diminished. Most films
with high sulfonated carbon black content were brittle, easily torn and full of holes, like that
shown in the Figure 4.3.
Figure 4.3 Solution Cast Film
Films with better mechanical properties were obtained in compositions in which the ratio of
PVDF-HFP/CB was 1/0.8 and 1/0.4. Films prepared from the solution and comprised of
PVDF-
HFP/Nafion1000/CB were very thin and were very
weak.
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4.3 Differential Scanning Calorimetry (DSC)
Differential Scanning Calorimetry was used to investigate the crystallization and melting
behaviour of as received Kynar powders, and that of the various composites prepared
therefrom.
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Figure 4.4 DSC thermogram of the second run (heat-cool curve) ofplain Kynar 201 powder representing
the TA Instrument software calculated melting temperature, crystallization temperature and the glass
transition temperature.
TA Universal Analysis software provided by TA Instruments was used to calculate the enthalpy
of fusion for the polymers and their composite materials from the DSC plots. The degree of
crystallinity was calculated from a ratio of the heat of fusion measured in the DSC experiment










The value of the heat of fusion of pure crystalline PVDF, for calculation purposes, was taken
from the
literature137
as 104.8 J/g. However, as the value of the heat of fusion of pure crystalline
copolymers of PVDF were not available, the value of heat of fusion of pure PVDF (104.8 J/g)
was used in our calculation of the % crystallinity for the pure crystalline copolymers ofPVDF. It
was perhaps reasonable to use the heat of fusion of pure PVDF in calculations of the %
crystallinity of PVDF copolymer films and composites because in the copolymer, chain
segments containing hexafluoropropylene residues would tend to reside in the amorphous phase
with the crystalline phase being comprised of only vinylidene fluoride segments. The second of
the heat-cool curves was used for all the calculations. Figure 4.4 displays the second heat-cool
curve for Kynar 201, pure PVDF powder and shows all the TA software calculated values of
melting temperature, crystallization temperature along with the enthalpy of fusion and the glass
transition temperature. For calculation of enthalpy, the crystallization peak was considered rather
than the melting peak. Selection of the crystallization peak was made on the basis that the
melting peak obtained exhibited a broad transition for all the Kynar powders and their
composites thereby making it difficult to locate the onset and the endpoint of the peak on the
baseline correction. The integration of the crystallization peak was carried out on the basis of a
sigmoidal baseline. Once the position for the onset and end point for the peak were decided, the
software integrated the area under the peak to yield the value for AH in joules/gram. This value
was utilized for calculating the degree of crystallinity. To facilitate comparisons between the
transitions, individual curves are displayed in an overlay format. Figure 4.5 displays the DSC
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Figure 4.5 DSC overlay plots ofKynar 201, 2801, 301 and 7201 powders.
Green curve (solid) represents the transitions of Kynar 201; Blue curve (short dash) represents transitions of
Kynar 301; Brown curve (dash-dot) represents transitions of Kynar 2801; Magenta curve (broken double)
represents transitions ofKynar 7201.
The significant data for the pure Kynar powders are given in the Table 4.













Kynar 201 163.11 129.04
104.8'4'
41%
Kynar 301 163.11 128.26
104.8141
39%
Kynar 2801 143.08 104.34
104.8*
24%
Kynar 7201 132.61 107.38
104.8*
33%
* The value of AH for pure crystalline copolymer was assumed to be identical to that for pure PVDF. This
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Figure 4.6 DSC overlay ofKynar 201 plain polymer, its black composite powder with sulfonated carbon
black by Process # 1, and its melt pressed film.
Green curve (dash-dot) represents thermal transitions of PVDF Kynar 201 plain polymer; Blue curve(short dash)
represents Kynar 201 black composite powder with sulfonated carbon black by Process # 1; Brown curve(solid)
represents the thermal transitions of the Kynar 201 melt pressed film.
Table 5 lists the thermal properties ofKynar 201 and its composite materials calculated by TA
software.
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The green dash-dot curve in the Figure 4.6, displays the thermogram for pure PVDF Kynar201
homopolymer. It exhibits a sharp melting peak at 163. 1C and a narrow crystallization peak at
129C. In comparison to the endothermic peak observed in the pure Kynar 201 homopolymer,
green dash-dot curve in Figure 4.6, no major differences are observed in that of the composite
powder (blue short dash curve in Figure 4.6) and in its melt pressed film (brown solid curve in
Figure 4.6). This implies the presence of sharper, larger and well ordered PVDF crystals in the
composites prepared by Process #1. This result supports the argument made relative to the
incorporation of sulfonated carbon black only in the amorphous phase when formulated
composites by the methanolic FeCl3 gel processing method of Process #1. Kynar 201 and
Kynar 301 are both pure homopolymers of PVDF, and are essentially the same materials
exhibiting the same thermal signatures. Hence, thermal data for Kynar 301 is not listed in this
report.





mwMf 72 """A Imlrij-wnh
Figure 4.7 DSC overlays ofKynar 7201 Plain Polymer, and its melt pressed film with sulfonated carbon
black by Process* 1.
Green curve (dash-dot) represents the thermal transitions of
Kynar 7201 plain polymer; Blue curve (solid)
represents the Kynar 7201 melt pressed film from composite powder
with sulfonated carbon black by Process* 1.
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The enthalpies of Kynar 7201 copolymer and its melt pressed film calculated by the TA
software are listed in the Table 6.














Kynar 7201 Melt Pressed
Film
133.61 106.53 30.11
Kynar 7201 is a copolymer of poly (vinylidene) fluoride (PVDF) and tetrafluoroethylene
(TrFE). Green dash-dot curve in Figure 4.7, shows a narrow melting peak at 132.6C for the pure
copolymer. Blue solid curve in Figure 4.7, shows a small endothermic peak around 118C of the
melt pressed film. This is associated with initial melting of smaller crystals present in the film
subsequently melting all the
crystals at 133.6C. The crystallization temperature of the pure
Kynar 7201 copolymer varies slightly from that of its melt pressed
film. The latent heat of
fusion for plain polymer, 34.8 J/g is reduced to 30.1 J/g for the film. Hence, lesser % crystallinity
is obtained in the melt pressed film. The DSC thermogram of a
Kynar 7201 /sulfonated carbon
black composite powder prepared by Process# 1 is not shown, because sufficient composite
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Figure 4.8 DSC overlays ofKynar 2801 plain white powder, its black composite powder with sulfonated
carbon black by Process # 1 and the melt pressed film fabricated from the composite powder.
Green curve(dash-dot) represents the transitions of plain Kynar 2801 powder; Blue curve(short dash) represents
the transitions of Kynar 2801 Process # 1 composite powder; Brown curve(solid) represents the transitions of
Kynar 2801 Process # 1 Melt pressed film.





Latent Heat of Fusion
(J/g)
Kynar 2801 Plain Polymer 143.08 104.34 24.93
Kynar 2801 / Sulfonated
Carbon Black Composite
Powder (Process # 1 )
141.72 113.17 17.44
Kynar 2801 Melt Pressed
Film (Process # 1 )
140.81 112.65 17.14
Table 7, in reference to the Figure 4.8 lists the properties of all the materials calculated by the
TA software. Green dash-dot curve from the above Figure 4.8 is the thermogram for PVDF-HFP
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Kynar 2801 molecular weight of 477,000 g/mol. It shows a very small endothermic peak at
around 1 15 C, associated with the melting of smaller poorly formed crystals which recrystallize
in with larger crystals which melt at about 143C. This is very close to literature value ofmelting
point 142C reported for melting point of
Kynar2801.138
Blue short dash curve in Figure 4.8 displays the thermal transitions taking place in a
Kynar2801/ sulfonated carbon black composite powder obtained by Process #1 (See
experimental section 3.2.1). The melting temperature of 143C observed for pure Kynar 2801
plain powder is slightly depressed to 141.7C in the composite. Overall, however, the
thermograms for pure Kynar 2801 and the Kynar 2801/sulfonated carbon black composite
prepared from Process #1 are substantially the same.
The crystallization peak of the composite powder, blue short dash curve, also differs only
slightly in comparison that of pure PVDF-HFP copolymer. This result is in keeping with the fact
that in the methanolic FeCl3 gel processing of composites with sulfonated carbon black, only the
amorphous domains are solvated and the crystallites remain intact. The heat of fusion of the pure
copolymer, green dash-dot curve is 24.93 J/g; whereas the heat of fusion of the composite
powder is reduced to 17.44 J/g. The brown curve showsthe DSC thermogram of the melt
pressed film from the composite powder, the melting temperature, 140C is lower than the
melting point of either the pure
copolymer powder or the composite powder. The application of
pressure along with temperature of
around 300F, just below the melting of the crystalline
domains in the composite, may have melted and quenched the smaller crystals thereby resulting
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Figure 4.9 DSC overlays ofKynar 2801 plain polymer, its black composite powder with sulfonated carbon
black by Process* 2 and the melt pressed film fabricated from the composite powder.
Green curve (dash-dot) represents the transitions ofplain Kynar 2801 powder; Blue curve (short-dash) represents
the transitions ofKynar 2801 Process # 2 composite powder; Brown curve (solid) represents the transitions of
Kynar 2801 Process # 1 Melt pressed film.





Latent Heat of Fusion
(J/g)
Kynar 2801 Plain Polymer 143.08 104.34 24.93
Kynar 2801 / Sulfonated
Carbon Black Composite
Powder (Process # 2)
142.17 111.83 22.02
Kynar 2801 Melt Pressed
Film (Process # 2)
143.99 116.60 21.03
Table 8 in reference to Figure 4.9 lists the thermal analysis data calculated by the TA software
for all materials prepared by Process #2. The DSC thermogram representing the Kynar
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2801 /sulfonated carbon black composite powder prepared by Process #2 is the blue short dash
curve in the Figure 4.9. The brown solid curve in the Figure 4.9 is the thermogram for the film
melt pressed film from the composite powder. These thermograms are very similar to those for
the same materials prepared by the Process # 1 and shown in the Figure. 4.8. Again, the melting
temperature of the composite powder prepared by Process # 2, blue short dash curve, is 142.2C
about one degree lower than that of the pure Kynar 2801 powder, green dash-dot curve, which
melts at
143
C. The melting temperature of the melt pressed film, brown solid curve, is 144C.
This is greater than that of the composite powder from which it was made but is roughly
equivalent to that of the pure Kynar 2801.
Overall, no major differences were seen in the thermal signatures exhibited by the composite
powder and the melt pressed film as compared to the plain polymer, indicating the method of
preparation was effective in keeping the crystals undisturbed as in the plain semicrystalline
PVDF before being swollen into a gel by FeCl3.
The heat of fusion of the Kynar 2801 polymer, green dash-dot curve in Figure 4.9 is 24.93 J/g,
whereas that of the composite powder prepared by Process # 2 is 22 J/g and that for its melt
pressed film is 21 J/g. The crystallization temperatures of pure Kynar 2801, its sulfonated
carbon black composite powder prepared by Process # 2 and the melt pressed film are 104.3C,
1 1 1.8C and 1 16.6C respectively.
The comparison between the Process #1 materials and Process # 2 materials is shown below in
the Figure 4.10 (a) and (b) which shows the DSC thermogram of a melt pressed film fabricated
by Process #1 and the DSC thermogram of a melt
pressed film made by Process #2, respectively.
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Figure 4.10 (b) DSC thermogram ofKynar 2801 Melt Pressed film from Process # 2
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The melting peak temperature observed in the composite film prepared by Process #1 [Figure
4.10 (a)], 140.8C, is less than that of the composite film made by Process# 2 [Figure 4.10 (b)],
144C. Also, the crystallization temperature of composite film prepared by Process #1,
112.65C, is less than that of the composite film prepared by Process # 2. The latent heat of
fusion of films prepared by processes #1 & 2 are 17.2 J/g and 21 J/g respectively. The visual
quality of the films prepared by Process #2 was better than those prepared by Process #1. Also,
the preparation method for the composite films in Process # 2 was easy and less complicated as
compared to that of the Process #1.
Composite films prepared by Process #1 and 2 exhibited crystallinity similar to that of the
precursor pure PVDF polymer. This indicates that the preparation methods utilizing gel
processing from FeCl3, is a unique process for the formation of PVDF composites. This method
thus minimizes the volume of the amorphous phase, and retains the crystallite content giving
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Figure 4.11 DSC overlays of PVDFKynar 2801 solution cast films with varying proportions of sulfonated
carbon black (CB) in it using Process# 3
Green curve (dash-dot) represents the thermal transitions of PVDF/CB [PC-1] cast film in the ratio 1/1.2 by wt;
Blue curve (short dash) represents thermal transitions of PVDF/CB [PC-2] cast film in the ratio 1/0.8 by wt.; Brown
curve (broken double) represents thermal transitions ofPVDF/CB [PC-3] cast film in the ratio 1/0.4 by wt.; Magenta
curve (broken dash) represents the thermal transitions of the PVDF/CB [PC-4] cast film in the ratio 1/0.2 by wt.;
Teal curve (solid) represents thermal transitions ofonly PVDF cast film from DMF, [PVDF+DMF/ No CB]
The enthalpies of the Kynar 2801 solution cast films (Figure 4.1 1) are listed below in the Table
9.
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Table 9 Enthalpies of PVDF Kynar 2801/ sulfonated carbon black (CB) solution cast films (Ref. to Fig 4.1J
Solution Cast Film






Latent Heat of Fusion
(J/g)
1/1.2 [PC-1] 133.52 99.97 3.3
1/0.8 [PC-2] 135.35 105.15 8.615
1/0.4 [PC-3] 140.35 111.52 15.18
1/0.2 [PC-4] 142.17 112.53 20.78
PVDF+DMF/ No CB 145.36 107.65 26.79
It is evident from the decreasing area under the peaks for recrystallization in Figure 4. 1 1 and the
reduction of the latent heat of fusion values tabulated in Table 9, that the % crystallinity of
Kynar 2801 decreases monotonically as the amount of sulfonated carbon black in the
composite film was increased. Similarly, the peak melting temperature diminishes as the amount
of sulfonated carbon black is increased. These results can be rationalized in terms of crystal
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Figure 4.12 DSC overlays of PVDF Kynar 2801 solution cast film from DMF, and also Kynar 2801
solution cast film from DMF containing Nafion 1000, by Process # 3
Green curve (dash-dot) represents the thermal transitions of PVDF Kynar 2801 solution cast film from DMF by
Process # 3; Blue curve (solid) represents the thermal transitions of PVDF Kynar 2801 solution cast film from
DMF containing Nafion 1000 by Process # 3.
The enthalpies of solution cast films (Figure 4.12) are listed in Table 10 below.
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Table 10 Enthalpies of PVDFKynar 2801solution cast film from DMF and Kynar 2801 solution cast film







Latent Heat of Fusion
(J/g)




Figure 4.12 compares the thermogram of the films of pure PVDF-HFP, green dash-dot curve,
and PVDF-HFP/Nafion 1000, blue solid curve. One sees a slight endothermic depression
around 122C, relating to melting of smaller crystals of PVDF-HFP. The peak melting
temperature of this film containing Nafion is observed around 145C, which differs very
slightly from that of the film without Nafion, green dash dot curve in Figure 4.12,
145.36
C.
The onset of the recrystallization for the film containing Nafion is higher as compared to the
pure PVDF-HFP Kynar 2801 film which required more cooling to recrystallize. The
crystallization peak for the film containingNafion, blue solid curve in Figure 4.12, is narrower
and sharper as compared to the one without Nafion, green dash-dot curve in Figure 4.12,
indicative of narrow distribution of size in well ordered crystals. The values of the latent heat of
fusion reduced with the incorporation ofNafion into the PVDF-HFP film from DMF, as shown
in the Table 10.
DSC analysis was also done on the films containing both Nafion
1000 as well as sulfonated
carbon black in the PVDF Kynar 2801 solution cast film using
DMF as a solvent prepared by
Process # 3. The DSC thermograms of these films are






















Figure 4.13 DSC overlays of PVDF Kynar 2801 solution cast film from DMF, and also of films containing
Nafion 1000, as well as films containing both Nafion 1000 and sulfonated carbon black by using Process
#3.
Green curve (dash-dot) represents thermal transitions of PVDF Kynar 2801 solution cast film from DMF; Blue
curve (short dash) represents thermal transitions of PVDF Kynar 2801 solution cast film containing Nafion
1000; Brown curve (solid) represents transitions of PVDF Kynar 2801 solution cast film containing both Nafion
1000 and sulfonated carbon black (PNC) (Process # 3).
Table 1 1 below lists all the enthalpies of the PVDF-HFP solution cast films containing Nafion
1000 and sulfonated carbon black calculated by the TA software.
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Table 11 Enthalpies of PVDF Kynar 2801 solution cast film from DMF and Kynar 2801 solution cast film
















PVDF+DMF/ No CB 145.36 107.65 26.79 -37.84
PVDF +Nafion
1000 + DMF
144.90 115.08 13.48 -39.70
PVDF+Nafion 1000
+ CB (Glass Side)
[PNC-1]
140.81 111.96 5.110 -40.13
No major variations were observed between the solution cast film containing Nafion 1000 and
the one without it (See description for Figure 4.12). However, the addition ofNafion 1000 to
the PVDF+DMF solution composite along with the addition of sulfonated carbon black strongly
depressed and broader crystalline peak in [PNC-1] film. Both Nafion1000 and sulfonated
carbon black additions contributed in giving very less crystallinity in the film. This is quantified
by the values of the latent heat of fusion shown in the Table 11.
The DSC thermogram of the film containing both Nafion 1000 and sulfonated carbon black
[PNC-1] is compared to the solution cast PVDF-HFP/sulfonated carbon black film containing the
highest amounts of carbon black , that is [PC-1] [1/1.2] and is shown below in the Figure 4.14. In
comparison to the PVDF-HFP film having the highest loading of sulfonated carbon black, the









Figure 4.14 DSC overlays of PVDF Kynar 2801 solution cast film containing Nafion 1000 plus sulfonated
carbon black and the film containing the highest carbon black loading in Process# 3.
Green curve (dash-dot) represents thermal transitions of PVDF Kynar 2801 solution cast film from DMF
containing the highest loading ofCB [PC-1] [1/1.2]; Blue curve (solid) represents the thermal transitions of the film
containing both Nafion 1000 and sulfonated carbon black [PNC-1].
4.4 Electrical Resistivity Measurements
The conductivity of carbon impregnated films was measured
with a Fluke 83III Multimeter set in
the resistance mode. The resistance of these films was low. It was presumed these samples were
too electrically conductive (without
respect to the level of proton conduction, which could not be
evaluated) for use as a
polyelectrolyte membrane because the fuel cell would short out. Results
of the electrical resistivity measurement
carried out on all the films are listed below in the Table
12. A graphical view of the results is shown in the Figure 4.15.
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Table 12 Electrical Resistivity (Ohms)
Wt. % of sulfonated carbon Electrical Resistivity
Sample # Sample Name black loading (Ohms)
1 PVDF-HFP/CB 1/1.2 [PC-1] 54.5 20
2 PVDF-HFP/CB 1/1.2 [PC-1] 54.5 8
3 PVDF-HFP/CB 1/1.2 [PC-1] 54.5 36
4 PVDF-HFP/CB 1/0.8 [PC-2] 44 16
5 PVDF-HFP/CB 1/0.8 [PC-2] 44 25
6 PVDF-HFP/CB 1/0.8 [PC-2] 44 16
7 PVDF-HFP /CB 1/0.4 [PC-3] 28.6 17.5
8 PVDF-HFP/CB 1/0.4 [PC-3] 28.6 13.5
9 PVDF-HFP /CB 1/0.4 [PC-3]
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Figure 4.15 Electrical ResistivityMeasurements for solution cast films of PVDFKynar 2801 impregnated
with sulfonated carbon black (CB) (Process # 3)
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Figure 4.15 displays a scatter plot of electrical resistance vs. % sulfonated carbon black loading.
One might expect that the resistance of the composite film would increase as the loading of the
sulfonated carbon black is decreased. In fact, this is not the case. Figure 4.15 shows that the
resistance is essentially invariant with the sulfonated carbon black concentration. This invariance
might be rationalized as follows:
1. The volume fraction of the crystalline phase is greatest when the concentration of
sulfonated carbon black in the composite is the lowest.
2. Because sulfonated carbon black is restricted to the amorphous phase, and because the
volume of the amorphous phase is greater in the film with higher concentration of
sulfonated carbon black, the concentration of the sulfonated carbon black in the
continuous amorphous phase may in fact be substantially invariant.
The crystal formation is suppressed in the film with the increased sulfonated carbon black
concentration. Particles of sulfonated carbon black are dispersing uniformlywithin a large
amorphous region. This results in increased inter-particle distance, hinders tunneling of the
carbon particles for charge hopping and prevents formation of transport channels for
conductivity. The PVDF-HFP/DMF solution cast film, containing both Nafion 1000 and
sulfonated carbon black displays similar characteristics. This is best illustrated in the Figure 4.16





Figure 4.16 (a) [PC-1][1/1.2] PVDF Kynar2801 solution cast fdm having the highest loading of sulfonated
carbon black, (b) [PC-3] [1/0.4] PVDF Kynar2801 film having low loading of carbon black, (c) [PNC-1]
PVDF Kynar2801 film containing both Nafion and sulfonated carbon black.
Compared to Figure 4.16 (a) & (c); Figure 4.16 (b) shows that lower concentration of sulfonated
carbon black in the PVDF-HFP film promotes nucleation of crystals, and reduces carbon black
particle distance. Hence, the volume of the amorphous phase is less. This reduces the distance
between carbon black particles and promotes charge hopping.
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CHAPTER 5: Conclusions
This thesis has provided three different procedures (Process #1,2,3) for the preparation of
composites of PVDF with sulfonated carbon black that may be extensible to other colloidal
particulate proton conductive materials.
In Process #1, PVDF/sulfonated carbon black composites were prepared by gel processing using
both homopolymers and copolymers of PVDF. Here, the amorphous domains in PVDF powders
were swollen with 48 % methanolic ferric chloride and blended with a sulfonated carbon black
that was reduced in water content, diluted with 48 % methanolic FeCl3 and blended with the
gelatinous PVDF/ 48 % methanolic FeCl3.
In Process #2, PVDF-HFP/sulfonated carbon black composites were also prepared by gel
processing, with a slight modification in the Process # 1 composite preparation method. In
Process #2, the as received aqueous dispersion of sulfonated carbon black was mixed with
PVDF-HFP copolymer. This mixture was dried to yield a powder and the composite powder was
swollen with and excess 48 % methanolic FeCi3.
Process # 3 gave a procedure for preparing solution composites ofKynar 2801 using DMF as a
solvent.
Differential Scanning Calorimetry (DSC) analyses of the composites prepared in different ways
gave the following results:
. FeCl3 gel processing of PVF2 allows one to prepare composites in which the fraction of
crystals is substantially unchanged from that the precursor powder.
. In PVDF films fabricated from DMF solutions, it was found that % crystallinity was
suppressed in proportion to the amount of sulfonated carbon black in the composite.
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Suppression of crystallization led to composites in which resistance was higher in films
containing greater amounts of carbon black then it was in the compositions containing the
lesser amounts.
With lower incorporation of carbon black, higher crystal fractions and lower amorphous
volume tends to displace the conducting particles into the amorphous volume.
Melt pressed films were completely insulating. However, the solution cast films proved to be too
electrically conductive for their use as a Proton Exchange Membrane (PEM) in a fuel cell.
Hence, the proton conductivity of all these solution cast films containing sulfonated carbon black
was immeasurable. However, if we fabricate a composite just like from the solution with
sulfonated carbon black, but use particles similar in size as the sulfonated carbon black which are
not electrically conductive but only proton conductive, then there might be a route to an
alternative toNafion.
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CHAPTER 6: Future Considerations
The major part of the research was carried out on Kynar 2801 grade of PVDF polymer.
Different grades of Kynar PVDF such as Kynar 7201, 301 and 201 can be investigated as
the base polymer of the PEM in a fuel cell. Specially Kynar 7201 drawn film exhibited better
crystallinity than Kynar 2801 film, hence Kynar 7201 grade of PVDF might prove to give
better morphological characteristics to a membrane.
For solution casting of PVDF films, active solvent for Kynar resins such as dimethyl
acetamide (DMAc) can be considered. A completely amorphous sulfonated carbon black can be
tried as a new proton exchange material to be used in a proton exchange membrane for fuel cell
applications. The present approach can be used to make fuel cell electrodes where both electrical
and proton conductivity is desired. The combination of activated (sulfonated) carbon black with
Pt and Nafion might prove interesting in electrode compositions. So, as for PEM's these
materials turned out to be too conductive, so a calculation can be done to determine the acid
number of the carbon black and see how much in a weight percent basis is required to give the
membrane an ion exchange equivalent weight of between 1 and 1.9 milliequivalents per gram.
To use these materials as membranes, how much percolation of carbon black through the
membrane is allowed can also be checked. PVDF composite powders might also be made from
different proton conductive materials as such heteropolyacid, y-zirconium or titanium
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